Lewisite (LEW), a potent arsenical vesicating chemical warfare agent, poses a continuous risk of accidental exposure in addition to its feared use as a terrorist weapon. Ocular tissue is exquisitely sensitive to LEW and exposure can cause devastating corneal lesions. However, detailed pathogenesis of corneal injury and related mechanisms from LEW exposure that could help identify targeted therapies are not available. Using an established consistent and efficient exposure system, we evaluated the pathophysiology of the corneal injury in New Zealand white rabbits following LEW vapor exposure (at 0.2 mg/L dose) for 2.5 and 7.5 min, for up to 28 day post-exposure. LEW led to an increase in total corneal thickness starting at day 1 post-exposure and epithelial degradation starting at day 3 post-exposure, with maximal effect at day 7 postexposure followed by recovery at later time points. LEW also led to an increase in the number of blood vessels and inflammatory cells but a decrease in keratocytes with optimal effects at day 7 postexposure. A significant increase in epithelial-stromal separation was observed at days 7 and 14 post 7.5 min LEW exposure. LEW also caused an increase in the expression levels of cyclooxygenase-2, IL-8, vascular endothelial growth factor, and matrix metalloproteinase-9 at all the study time points indicating their involvement in LEW-induced inflammation, vesication, and neovascularization. The outcomes here provide valuable LEW-induced corneal injury endpoints at both lower and higher exposure durations in a relevant model system, which will be helpful to identify and screen therapies against LEW-induced corneal injury.
Lewisite (2-chlorovinyldichloroarsine; C 2 H 2 AsCl 3 ; L, LEW) is an extremely toxic organic arsenical vesicant agent that induces rapid inception of severe pain and blistering upon exposure (King et al., 1992; Kehe et al., 2001; Li et al., 2016a; Lindsay et al., 2004; Sahu et al., 2013) . First synthesized in 1918, LEW is not reported to be deployed in warfare; however, it may have been used by the Japanese army against China (Beebe, 1960) and mixed with the vesicating agent sulfur mustard (2,2 0 -dichloroethylsulfide; SM) to achieve greater effectiveness in conflicts (Rice and Brown, 1999 ). In addition to its possible use in warfare, large stockpiles of LEW with several nations since World War I poses accidental exposure risk apart from its possible use in terrorist attacks (Li et al., 2016a; Mouret et al., 2013) . since LEW is a threat to both civilians (in an accidental and terrorist attack scenarios) and armed-forces, there is a need for the identification of safe and effective targeted therapy against LEW exposure (Hughes, 1947; Mann et al., 1947; Nguon et al., 2014; Vilensky and Redman, 2003) . Notably, the use of a specific antidote, British anti-LEW (BAL, dimercaprol) has shown efficacy in minimizing the tissue damage but it is associated with a number of drawbacks. Due to its rapid absorption as compared with SM, exposure to even small quantities of LEW can result in pain, rapid onset of symptoms including vesication, and significant systemic toxicity (Hotta, 1997; Mouret et al., 2013; Nguon et al., 2014) . The eye is the most sensitive organ to LEW exposure and causes instant irritation, pain, swelling, and tearing, which can be severe with inflammation, edema of eyelids, massive corneal necrosis, and blindness (Olajos et al., 1998) . These effects could be due to LEW's vesicating properties, or additional effects due to its breakdown into arsenic oxide, reaction with biological sulfhydryls resulting in additional injuries related to arsenic compounds, and liberation of hydrochloric acid which lowers the pH of the eye and causes superficial opacity (Hughes, 1946; Lindsay et al., 2004; Sahu et al., 2013) . There are a few early reports from 1940s on clinical and pathologic characteristics of ocular injuries following LEW exposure (Hughes, 1946 (Hughes, , 1947 Mann et al., 1946) ; however, ocular injuries are not well-characterized and quantitative evaluations to establish valuable biomarkers for efficacy studies are limited. Although the pathophysiology of ocular injury from mustard vesicating agent SM, which was used extensively in warfare for over 100 years has been extensively studied, the efforts to study LEW-induced ocular injury progression to identify therapeutic targets are limited or undocumented.
Due to these limitations, our earlier reported study evaluated LEW vapor-induced clinical progression of corneal injury in New Zealand white rabbits employing an innovative ocular exposure system for identical and controlled LEW vapor (right eye) exposure and diluent vapor (left eye; control) for consistent injury . There are only few studies reported for LEW exposure of the eye. Based on a study by Hughes (1946) , where LEW was directly applied or eyes were exposed to saturated vapor of LEW for 30 s, we used a range of doses and selected a dose of 0.2 mg/L LEW for 2.5 and 7.5 min exposure to give us a mild and severe ocular injury paralleling effect of LEW in the human eye.
Corneal wounding, ulceration, inflammation, neovascularization, and their progression were observed clinically for the first time and quantified by us in our previous study following LEW exposure. In this study, we examined in detail the histopathological changes in rabbit cornea and related mechanisms following LEW vapor exposure for shorter (2.5 min) and longer (7.5 min) durations. Our ongoing efforts in understanding the structural changes and mechanism of ocular injury progression following LEW exposure will help in outlining pathways that could be targeted to develop effective therapies against LEWinduced ocular injuries.
MATERIALS AND METHODS
Exposure of rabbit eyes to LEW. New Zealand white rabbits (n ¼ 5 per group) were purchased from Charles River Laboratories (2.5 to 4.0 kg and not less than 3 months of age at time of arrival) anesthetized and the eyes were exposed to LEW (0.2 mg/l) for 2.5 or 7.5 min using vapor exposure system for exposing up to 6 rabbits simultaneously as reported earlier . LEW synthesis and characterization, and pain management was carried out as detailed earlier . Right eye of each animal was exposed to LEW using modified goggles with a flow through design while the left eye was exposed to dilution air and served as control. Flow rates of LEW vapor were controlled through the goggles with critical orifice control meters to assure that all flow rates were equilibrated. All exposures were conducted within the chemical agent hood line, in compliance with MRIGlobal standard operating procedures. Standard safety procedures and Institutional Animal Care and Use Committee protocols were strictly followed. Animals were sacrificed at days 1, 3, 7, 14, and 28 post-exposure and the cornea was dissected and was either snap frozen or fixed in formalin for further studies.
Histopathological evaluation of corneal sections and measurement of corneal thickness, epithelial thickness, epithelial degradation, and epithelial-stromal separation. The formalin fixed corneas were processed, sectioned, and 5 lm sections were stained with hematoxylin and eosin (H&E) as reported earlier (Tewari-Singh et al., 2012) . The H&E stained sections were evaluated microscopically for corneal thickness, epithelial thickness, epithelialdegradation, and epithelial-stromal separation as reported earlier Tewari-Singh et al., 2012) . Corneal thickness from 10 to 12 randomly selected corneal areas was measured (approximately 1.0 mm away from both the sides of the cornea and the limbus region). The epithelial thickness was measured in at least 5 randomly selected fields throughout the length of the cornea and 5 measurements were carried out from each field. Epithelial degradation and epithelial-stromal separation was measured in approximately 7 mm length of the cornea.
Measurement of inflammatory cells, blood vessels, and keratocytes in the stroma. The H&E stained rabbit cornea sections were evaluated microscopically and quantification of number of keratocytes, blood vessels, and inflammatory cells in the stroma was carried out. Keratocyte quantification was carried out in approximately 7 mm 2 of the stroma and average in 0.5 mm 2 was calculated. The number of blood vessels and inflammatory cells were quantified from whole stromal region of the cornea. The density of inflammatory cells was scored as 1, < 50; 2, 50-100; 3, 100-500; and 4, > 500 inflammatory cells.
Immunohistochemistry for VEGF, COX-2, and MMP-9. The formalin fixed corneas were processed, sectioned, and 5 lm sections were subjected to antigen retrieval and blocking of endogenous peroxidase activity. Thereafter, the sections were incubated with anti-vascular endothelial growth factor (VEGF) (Abcam, Cambridge, Massachusetts), anti-cyclooxygenase-2 (COX-2) (Cayman Chemicals, Ann Arbor, Michigan), or anti-matrix metalloproteinase-9 (MMP-9) (Abcam, Cambridge, Massachusetts) antibodies, followed by incubation with biotinylated secondary antibody and streptavidin-HRP conjugated antibody as detailed earlier . Rabbit IgG antibody (N-Universal, DAKO) was used as negative control. The sections were then incubated in 3, 3 0 -diaminobenzidine (DAB) and counterstained with diluted hematoxylin. The brown colored cytoplasmic staining was scored as positivity score in 10 randomly selected fields. The intensity of brown color was scored as 0 (no staining), þ 1 (weak staining), þ 2 (moderate staining), þ 3 (strong staining), and þ 4 (very strong staining).
Cytokine array. Frozen corneal tissue sample lysates (n ¼ 3) from 7.5 min LEW exposure time at 7 day post-exposure were subjected to G-series Rabbit Cytokine Array (Ray Biotech, Norcross, Georgia). The array was carried out using the manufacturers' instructions. Briefly, the array surface was blocked on the provided glass slides with the sample diluent and incubated with the samples. Thereafter, biotinylated detection antibody was added followed by incubation with Cy3 equivalent dyeconjugated streptavidin; the slides were then scanned and data were extracted using Raybiotech scanning and data extraction services. The data were analyzed using Raybiotech array specific data analysis software and plotted as relative fluorescence units.
Statistical analysis. Data were analyzed using 1-way analysis of variance (1-way ANOVA) to get the statistically significant difference in control versus LEW exposed groups, with Tukey or Bonferroni t test for multiple comparisons (Sigma Stat 2.03). Differences were considered significant if the P value was < 0.05. Data are presented as the mean 6 SEM.
RESULTS

LEW Exposure Caused an Increase in Thickness of the Rabbit Cornea
Our recently reported study showed that apart from corneal opacity, ulceration, and neovascularization, an increase in corneal thickness was recorded by pachymetry following ocular LEW exposure . Hence, we further examined the corneal thickness in the H&E stained corneal sections following LEW exposure. LEW exposure resulted in an increase in corneal thickness, which was more pronounced at 3-7 days post-exposure ( Figure 1A ). Although a significant (P < 0.05) increase in the corneal thickness following LEW exposure at both the exposure durations was observed at day 1 postexposure, there was a dose-dependent effect of LEW at all the study time points out to day 28 post-exposure ( Figure 1B ). The longer (7.5 min) LEW exposure induced increase in corneal thickness was maximal (2.0-fold increase) at 7 day postexposure and remained prominent up to day 28 post-exposure; however, the corneal thickness decreased to baseline measurements at this time point in 2.5 min LEW exposed corneas (Figs. 1A and 1B).
LEW Exposure Caused an Increase in the Epithelial Degradation and
Induced Epithelial-Stromal Separation in the Rabbit Cornea Our completed clinical study has shown that LEW exposure causes corneal ulceration . Hence, we next examined the H&E stained corneal tissue sections for the effect of LEW on the corneal epithelial layer. LEW exposures led to an increase in corneal epithelial degradation which was prominent at day 3 post-exposure with the most profound effect at day 7 post-exposure (Figs. 1A and 1B). As compared with 2.5 min exposure, the effect of 7.5 min LEW exposure at day 7 was more damaging and resulted in a maximal (2.2-fold) decrease in epithelial thickness depicting membrane degradation (Figs. 2B and 2C). At both the exposure durations, LEW-induced epithelial degradation started to resolve by day 14 postexposure. However, it completely resolved by day 28 postexposure in 2.5 min exposed corneas but the injury was still evident in corneas exposed for 7.5 min duration (Figs. 2A-C). LEW exposure did not induce very large epithelial-stromal separations (vesications) but resulted in small separated areas appearing like bullae ( Figs. 2A and 2B ; red arrows). LEW exposure at 7.5 min exposure duration induced significant (P < .05) epithelial-stromal separations at days 7 and 14 post-exposure ( Figure 2D ). This injurious effect of LEW exposure was also most prominent at day 7 post-exposure ( Figure 2D ).
LEW Exposure Caused an Increase in the Inflammatory Cells, and Blood Capillaries and Vessels in the Stroma of the Rabbit Cornea Next, we examined whether the erythema and inflammation observed clinically in the rabbit eyes following LEW exposure (Tewari-Singh et al., 2016) was associated histologically with an inflammatory response. The H&E stained corneal sections showed that LEW exposure at both the exposure durations induced an increase in inflammatory cells in the corneal stroma starting at day 1 post-exposure, which peaked at days 3-7 postexposure ( Figure 3A ; red arrows). This LEW-induced increase in the inflammatory cells was resolved by day 28 post-exposure in the corneas exposed to LEW for 2.5 min duration ( Figure 3B ). However, following 7.5 min LEW exposure, the increase in inflammatory cells was maximal (4.2-fold) at day 7 post-exposure and was somewhat lowered by days 14 and 28 post-exposure ( Figure 3B ).
LEW exposure in rabbits also resulted in the presence of blood capillaries and vessels in the stroma of the cornea with marked dose-dependent 47.3-and 36.5-fold increases at days 7 and 14 post-exposure, respectively (Figs. 3A and 3B).
LEW Exposure Caused a Decrease in the Number of Keratocytes in the Stroma of the Rabbit Cornea
The examination of the corneal stroma in the H&E stained corneal tissue sections also demonstrated a noticeable LEWinduced decrease in the number of keratocytes in the stroma of the corneas at days 1-28 post-LEW exposure ( Figure 4A ). At day 7 post-LEW exposure, a maximal keratocyte decrease of 2.8-and 8.0-fold, compared with controls, in corneas exposed for 2.5 and 7.5 min to LEW, respectively, was observed ( Figure 4B ). LEW Exposure Caused an Increase in the Expression of COX-2, IL-8, MMP-9, and VEGF in the Rabbit Cornea a. Inflammatory mediators: because an inflammatory response was observed in our completed clinical evaluation and an increase in inflammatory cells in the H&E stained stromal tissue was evidenced; we next analyzed the expression of COX-2 (an inducible enzyme expressed in mononuclear phagocytes and neutrophils that is involved in pro-inflammatory prostaglandins synthesis) and changes in other inflammatory cytokines via cytokine array. Although an increase in the COX-2 expression was observed staring at day 1 post-LEW exposure, most prominent immunohistochemistry staining intensity for COX-2 compared with control was observed at days 7 and 14 post-LEW exposure at both the exposure durations ( Figure 5A ). Scoring of the COX-2 expression intensity exhibited a maximal increase of 2.4-and 3.0-fold in corneas exposed to LEW for 2.5 and 7.5 min, respectively, at day 7 postexposure (Figure 5B ). At day 7 postexposure, 7.5 min LEW exposure also resulted in a 29.4-fold increase in cytokine IL-8 levels ( Figure 5C ). b. MMP-9 is reported to be an important mediator in vesicating agents-induced blister formation and could play a vital role in LEW-induced epithelial-stromal separation observed following its exposure in our H&E stained corneas. Matrix metalloproteinase-9 expression is mostly observed in the epithelial basement membrane zone and anterior stroma . A significant (P < 0.05) increase in the intensity of MMP-9 staining was observed at days 1-28 post-LEW exposure at both the exposure durations, mainly in the epithelial layer with further pronounced staining at the basement zone (Figs. 6A and 6B; red arrows). At longer LEW exposure duration of 7.5 min, a maximal increase of 2.9-fold was observed at day 7 post-exposure ( Figure 6B ). Cytokine array further confirmed this LEW-induced increase in MMP-9 levels where the longer 7.5 min LEW exposure duration showed an even higher 9.0-fold increase in MMP-9 level ( Figure 6C ). c. Neovascularization observed following LEW exposure in rabbit eyes (Tewari-Singh et al., 2016) could be associated with angiogenic factor VEGF, which is reported to promote ocular neovascularization in animal ocular exposures including mustard vesicating agents Kadar et al., 2001; McNutt et al., 2012a; Petrali et al., 2000) . At the lower exposure duration of 2.5 min, significant (P < .05) LEW-induced increases in the VEGF expression was observed from days 3 to 14 postexposure (Figs. 7A and 7B). A significant (P < .05) increase in the VEGF expression following 7.5 min LEW exposure was observed at all the study time points from days 1 to 28 postexposure, which was maximal (3.6-fold increase) at day 14 postexposure ( Figure 7B ).
DISCUSSION
LEW, the most devastating agent amongst the organoarsenical vesicant warfare agents, is a potential threat of warfare, terrorism, and accidental exposure due to ease in manufacture, possible stockpiles, and quick onset of action (Li et al., 2016a; Noort et al., 2002) . Eye is the most sensitive organ to vesicant exposure and LEW-induced ocular damage is instant which can result in massive necrosis and eventual blindness. However, LEWinduced clinical and pathologic ocular changes and biomarkers for mechanistic and efficacy studies are not well-characterized (Hughes, 1946) . This impediment is mainly attributed to the development of antidote BAL, which shows some efficacy against LEW-induced tissue injury; however, its use has significant drawbacks due to its inherent toxicity, limited treatment window, and difficult administration (Boyd et al., 1989; Hughes, 1946; Mouret et al., 2013; Sahu et al., 2013) . Hence, to identify effective targeted therapies that can be easily delivered to counter LEW-induced ocular injury, study of its molecular pathogenesis to establish relevant biomarkers is necessary. Our efforts in this direction provide a detailed assessment of histopathological and molecular changes related to our earlier reported clinical effects of LEW exposure in the rabbit cornea, which is the most susceptible ocular tissue to vesicant LEW exposure (TewariSingh et al., 2016) . Additionally, these biologically relevant injury biomarkers are established in a rabbit ocular injury model relevant to human exposure Kadar et al., 2001; Mann et al., 1947; Milhorn et al., 2010) . Our follow-up study outcomes presented here suggest a role of COX-2, IL-8, MMP-9, and VEGF in LEW-induced corneal inflammation, vesication, and neovascularization. We believe that this first time detailed pathophysiological analysis following LEW ocular exposure will be valuable for screening and identifying therapies against LEW-induced corneal injuries. The histopathological changes and the molecular events observed in LEW-induced corneal injury related to inflammation, vesication, and neovascularization mostly paralleled another of our recently completed studies with mustard vesicating agent SM in the rabbit in vivo corneal injury model (unpublished) and with SM analog nitrogen mustard (NM) in ex vivo rabbit corneal injury model . These studies indicate that the pathophysiology of mustard vesicating agents-induced corneal injury is similar to LEW-induced ocular injury, though severity of damage and early occurrence of symptom following LEW exposure might differ. These outcomes also corroborate with the reports on clinical lesions from LEW exposure (Lindsay et al., 2004; Mann et al., 1946; and supported by an earlier reported study where LEW, SM, and NM exposures induced common histologic events (Adler et al., 1947) . Furthermore, increases in corneal edema, epithelial and stromal cell death, and infiltration of inflammatory cells, epithelial- Figure 4 . Ocular LEW exposure causes a decrease in the number of keratocytes (keratocyte cell death) in the stroma of rabbit cornea. New Zealand white rabbits were exposed to either dilution air (control; left eye) or LEW (0.2 mg/L; right eye) vapor for either 2.5 or 7.5 min. The rabbits were euthanized; the corneal tissue was dissected from eye at days 1, 3, 7, 14, and 28 post-LEW exposure and fixed for histopathologic evaluation. The corneal sections were H&E stained; keratocytes were quantified as detailed under the "Materials and Methods" section. Representative images showing a decrease in keratocytes in the corneal stroma following LEW exposure (A) and bar diagram showing the quantification of keratocytes (B). Data presented are mean 6 SEM (n ¼ 3-5). *P < 0.05 compared with the control group; arrows, keratocytes; size bar in representative images, 50 mm. degradation/denudation, and epithelial-stromal separation have been observed following SM exposure in rabbit corneas, which is in conjunction with our observations in this study following LEW exposure in the rabbit corneas starting at day 1 postexposure (Amir et al., 2000; Gordon et al., 2010; Milhorn et al., 2010; McNutt et al., 2012a,b) . In addition, histopathological changes following LEW exposure in skin are reported to be similar to those observed with SM (Rice and Brown, 1999) . Following LEW exposure, the maximal effect on different pathophysiological parameters was observed from days 3 to 14 post-exposure and most effects peaked at day 7 post-exposure. Because LEW exposure caused epithelial degradation, the observed LEWinduced increase in corneal thickness is resulting from the induced stromal thickness. Corneal thickness depends on the hydration state of the cornea. The primary factors that affect corneal hydration/corneal oedema are stromal swelling pressure, barrier function of the epithelium and endothelium, endothelial pump, tear evaporation, and intraocular pressure. A lot of mechanical, dystrophic, inflammatory, and toxic causes can result in failure of the cornea and could result in increased corneal thickness (Burcham et al., 2012) . The increase in corneal thickness observed with LEW exposure could be due to the loss of barrier epithelium function and influx of inflammatory cells. In the absence of corneal epithelium, the stromal thickness could increase within hours of contact with tears and toxic substances (Burcham et al., 2012) .
COX-2 is reported to play an important role in mustard vesicating agents-and LEW-mediated skin injury. COX-2 is an enzyme involved in prostaglandin biosynthesis, which in turn causes the influx of inflammatory cells at the site of the damage (Kehe et al., 2008; Kumar et al., 2015; Li et al., 2016b; Paromov et al., 2007; Shakarjian et al., 2010; Wormser et al., 2004) . Our completed studies have reported the contribution of COX-2 in mediating vesicant-induced inflammatory responses in ex vivo rabbit cornea Tewari-Singh et al., 2012) . This study further supports the role of COX-2 in arsenical vesicating agent LEW-induced corneal inflammation. Several cytokines including interleukin levels have been shown to be involved in LEW-induced skin inflammation and SM-induced ocular injury (Ghasemi et al., 2009; Nguon et al., 2014; Ruff et al., 2013) . In this study, an increase in IL-8 levels was observed following LEW exposure indicating its role in LEW-induced corneal injury. Matrix metalloproteinases are regulators of inflammatory and immune responses and play a significant role in degradation of extracellular matrix causing vesication and cell death (Shakarjian et al., 2010) . MMP-9 is reported to be a key mediator in SM-and LEW-induced skin vesication and SM-induced epithelial-stromal separation (Ghasemi et al., 2009; Gordon et al., 2010; Horwitz et al., 2014; Kehe et al., 2008; Kumar et al., 2015; Nguon et al., 2014; Ruff et al., 2013; Shakarjian et al., 2006 Shakarjian et al., , 2010 Tewari-Singh and Agarwal, 2016) . This study also suggests that MMP-9 plays a key role in LEW-induced epithelial-stromal separation and inflammation in the cornea. Neovascularization, a major lesion resulting from vesicant exposure, is a late event and angiogenic factor VEGF is reported to promote corneal neovascularization in animal eyes exposed to SM Kadar et al., 2001; McNutt et al., 2012a; Petrali et al., 2000; Safarinejad et al., 2001) . LEW exposure also resulted in visible neovascularization at day 7 post-exposure which was persistent till day 28 post-exposure , and results hereby indicate that it is associated with increased VEGF levels that peaked at day 14 post-exposure. The increase in VEGF levels might be playing a part in repair mechanisms in vesicantinduced corneal injury by increasing the limbal vessel permeability and attracting monocytes in addition to inducing angiogenesis (Kadar et al., 2014; Philipp et al., 2000) .
The outcomes from this study are highly significant because although the clinical ocular lesions from LEW exposure appear to be comparable to SM, their pathology and progress could be altered due to additional arsenic poisoning and inhibition of carbohydrate metabolism which are reported to be involved in LEW injury (Kehe et al., 2001; Mouret et al., 2013; Nelson et al., 2006) . Following LEW exposure, unfolded protein response, inflammatory response, apoptosis, and changes in inflammatory cytokines such as Tumor Necrosis Factor-alpha (TNF-a) are also reported to play a significant role in its skin effects (Arroyo et al., 2004; Li et al., 2016b) . The ability of LEW to cause toxic effects is reported to occur due to its ability to combine with thiol groups, react with biological sulfhydryl groups, release of hydrochloric acid, nonalkylating properties could have additional mechanisms of altered histopathology (Goldman and Dacre, 1989; Lindsay et al., 2004) . Arsenic also binds to lipoic acid, a dithiol 8-carbon component of the pyruvate dehydrogenase complex, resulting in accumulation of pyruvate. This results in the inhibition of glycolysis. Some other enzymes affected include amylases, lipases, cholinesterase, and some ATP enzymes. In addition, reduction in cellular glutathione levels, oxidative stress, and lipid peroxidation also contributes to LEW-induced injury (Augerson, 2000) . Hence, further "omics" and systems analysis approaches could be helpful in delineating the mechanisms and pathways associated with LEW-induced corneal injury to assist in developing targeted therapies.
Although there are no antidotes available for SM-induced injuries, an effective antidote, BAL, is available against LEWinduced injury since World War II (Mouret et al., 2013) . BAL binds to arsenicals and leads to complete recovery if given immediately after exposure suggesting heavy-metal induced toxicity playing a key role in LEW-induced injury. However, BAL is relatively toxic and has low water solubility. Less toxic water soluble analogs, such as meso-2,3-dimercaptosuccinic acid (DMSA) and 2,3-dimercaptopropane sulfonic acid (DMPS), have been developed over the years. These alternatives have lesser toxicity and higher therapeutic index (Kosnett, 2013; Mouret et al., 2013) .The antidotes (DMSA and DMPS) reverses the inhibitory effect of arsenite on pyruvate dehydrogenase. However, there are still limitations in the use of these agents due to their toxicity, narrow therapeutic window, and difficulty in administration (Boyd et al., 1989; Mouret et al., 2013) .Therefore, to develop safe, mechanism-driven antidotes for LEW-induced ocular injury, we have developed a relevant in vivo ocular injury model to understand the injury mechanism and to screen and identify effective therapies. Figure 7 . Ocular LEW exposure causes an increase in the expression of vascular endothelial growth factor (VEGF) in the rabbit cornea. New Zealand white rabbits were exposed to either dilution air (control; left eye) or LEW (0.2 mg/L; right eye) vapor for either 2.5 or 7.5 min. The rabbits were euthanized; the corneal tissue was dissected from eye at days 1, 3, 7, 14, and 28 post-LEW exposure and either fixed for IHC evaluation or frozen for cytokine array analysis. The corneal sections were IHC stained and the VEGF expression was quantified as detailed under the "Materials and Methods" section. Representative images showing an increase in VEGF expression following LEW exposure (A) and bar diagram showing the VEGF positivity score. Data presented are mean 6 SEM (n ¼ 3-5). *P < 0.05 compared with the control group; e, epithelium; s, stroma; size bar in representative images, 50 mm.
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